B1 cells ͉ memory ͉ plasmablasts
A group of thymus-independent (TI) antigens, known as TI-2 antigens, are linked by their inability to induce responses in Bruton tyrosine kinase-deficient mice (1, 2) . Many of the naturally occurring antigens in this group are bacterial capsular and cell-wall polysaccharides. Typically, responsiveness to TI-2 antigens is acquired later in ontogeny than that to other TI antigens or thymus-dependent (TD) antigens (3) . This delay has massive consequences for infection from bacteria with dense polysaccharide capsules such as the pneumococci, which cause large numbers of infant deaths annually from meningitis and pneumonia (4, 5) . Characteristically TI-2 antigens induce splenic marginal zone B cells to grow as plasmablasts in extrafollicular foci of the spleen (6) (7) (8) . Kearney et al. (7) have studied responses to phosphorylcholine that forms part of bacterial cell-wall polysaccharide. Natural Ab exists that binds this determinant, which is recognized both in the marginal zone and B1 repertoires. Using transgenic B cells specific for phosphorylcholine with Ig variable-region idiotypes that are associated with entry to either the B1 or marginal zone repertoires, these authors have shown that both types of B cells can be involved in the response to this antigen.
Classically, B cell memory is associated with TD Ab responses, and these memory cells are derived from B cells that have proliferated and undergone affinity maturation and selection in germinal centers (9) . Although in certain circumstances TI-2 antigens are also able to induce germinal center formation, these instances are abortive and generate neither plasma cells nor memory B cells (10, 11) . Memory B cells can be defined as cells that have undergone antigen-driven proliferation and then become nonproliferating cells that can be induced, on reexposure to antigen, to proliferate and secrete Ab. Evidence for the production of cells that fulfill these criteria from B1 cells responding to a TI-2 antigen is presented in this article.
Multiple copies of haptens such as (4-hydroxy-3-nitrophenyl)-acetyl (NP) conjugated to the neutral polysaccharides, Ficoll or hydroxyethyl starch, are frequently used as test TI-2 antigens (8, 10, (12) (13) (14) (15) (16) . NP-Ficoll induces extrafollicular responses from both naïve and memory marginal zone B cells (8, 17) . By contrast, IgD high CD23 ϩ recirculating B cells with specificity for NP do not mount an Ab response to this antigen in vivo (6, 17) . Background IgM, but not IgG Ab, that binds NP is found in nonimmunized mice, indicating that these specificities are included in the B1 repertoire. Furthermore, Pyk-2-deficient mice, which are reported to lack marginal zone B cells but have B1 cells, produce Ab responses, albeit diminished, to the related hapten 2-4-trinitro phenyl conjugated to Ficoll (18) .
B cells recruited into extrafollicular Ab responses to the TD antigen NP-chicken ␥-globulin grow as plasmablasts (proliferating Ab-secreting cells) for Ϸ4 days before terminally differentiating into plasma cells (nonproliferating Ab-secreting cells) (19) . By contrast, plasmablasts can be found for months in extrafollicular Ab responses induced by immunization with NP-Ficoll (20) . In this article, we address the basis for this persistence of plasmablasts in the response to NP-Ficoll. At first, the most obvious explanation seemed to be that naïve B cells recently produced in the marrow continue to be recruited into the response by persistent antigen. NP-Ficoll is resistant to degradation in the body and is taken up and retained by specialized macrophages in the splenic marginal zone (21) ; it can be held as an immune complex on the surface of follicular dendritic cells (20) . Experiments reported here indicate that sustained responses to NP-Ficoll can be maintained without continued recruitment of naïve B cells. This article goes on to characterize mature B cell clones that can maintain a pool of NP-specific plasmablasts in response to NP-Ficoll.
Results
Self-Sustaining B Cell Clones Maintain Long-Term Plasmablast Responses to NP-Ficoll. In response to i.p. immunization with NPFicoll, WT mice produced persistent NP-specific plasmacytoid cells (plasmablasts, plasma cells, or both) in splenic extrafollicular foci (Fig. 1A) . Even 3 months after immunization, Ϸ10% of the plasmacytoid cells were in cell cycle, as assessed by Ki-67 nuclear staining. Comparable proportions of plasmacytoid cells were found to be in cell cycle in our previous studies of responses to NP-Ficoll in WT mice, as assessed by the uptake of the thymidine analogue 5-bromo-2Ј-deoxyuridine (20) . To test whether this persistence of plasmablasts in responses to NPFicoll requires continued recruitment of naïve B cells, chimeric mice were constructed that had mature B cells but no capacity for primary B lymphopoiesis. The chimeras were created by transferring 10 7 lymph-node cells containing mature B and T cells into congenic recombinase-activating gene 1 (RAG-1)-deficient mice, which lack the capacity to produce T and B cells from hemopoietic progenitors (22) (Fig. 1B) . Studies show that by 14 days after cell transfer such chimeras have reconstituted both follicular and marginal zone B cell subsets and produce Ab in response to immunization with NP-Ficoll (17) . In this article, we tested whether the supply of mature NP-specific B cells would be exhausted through differentiation into short-lived Abproducing cells. The chimeras were immunized i.p. with NPFicoll on days 14, 49, and 72 after cell transfer. Against expectation, plasmacytoid cells containing large amounts of anti-NP Ab were seen in splenic extrafollicular foci after each immunization ( Fig. 1 C-E) . As in WT mice, a proportion of these cells were plasmablasts, as assessed by expression of Ki-67 ( Fig. 1 D and E). The additional immunizations had little obvious effect on the response apart from a possible trend for these immunizations to be followed by a temporary increase in the proportion of NP-specific plasmablasts (Fig. 1E ). Ab titers achieved after the first immunization were maintained or somewhat increased after secondary and tertiary immunizations with NP-Ficoll. Typical Ab responses of chimeras are shown in the experiment described below and depicted in Fig. 2 .
NP-Specific B Cells Accumulate in B Cell Follicles but Not Marginal
Zones During Responses to NP-Ficoll. Immunohistology of the spleens of chimeras that had received two or three immunizations with NP-Ficoll show that NP-specific B cells as well as plasmablasts and plasma cells were present ( Fig. 1 C and D) . The NP-specific B cells induced by NP-Ficoll were located mainly in follicles, both primary follicles, which lack germinal centers (Fig.  1C) , and secondary follicles, which have germinal centers (Fig.  1D ). Some NP-specific B cells were also located in the outer T zone, where their size and frequent expression of Ki-67 indicates these cells were mostly B blasts. The combined numbers of NP-specific B cells in the follicles and T zone and the proportion of these in cell cycle, as assessed by Ki-67 expression, are shown in Fig. 1F . The presence of B cells in follicles is consistent with our earlier finding of persistent and mainly nonproliferating NP-specific B cells in the follicles of WT mice after primary immunization with NP-Ficoll (20) . Critically, there was a virtual absence of NP-specific follicular B cells before immunization in both WT mice and chimeras (Fig. 1F ). This finding implies that the NP-specific B cells in the follicles of immunized chimeras have arisen after immunization by proliferation and that many have now come out of cell cycle. Despite the follicular location of the NP-specific B cells of chimeras immunized with NP-Ficoll, their phenotype was not that of germinal center B cells. First, as shown above, many of the NP-specific B cells were present in follicles that lack germinal centers, and even when they were in follicles with germinal centers, many were not in cell cycle (Fig.  1F) . On the basis of immunohistology, these cells lack the germinal center B cell-associated features of Bcl6 expression and peanut agglutinin binding (data not shown). It is a theoretical possibility that hemopoietic cell chimerism was established by lymph-node lymphocyte transfer, although this hypothesis is unlikely because no host stem-cell depletion was undertaken before cell transfer. If this phenomenon had occurred, it could have led to B lymphopoiesis and the recruitment of naïve B cells into response. This possibility is addressed and excluded as an explanation for the persistence of plasmablasts in the response to NP-Ficoll in experiments described in the last section of Results.
There Are Sufficient B1b Cells in Lymph Nodes to Reconstitute the B1b
Cell Compartment of Chimeras. The experiments described above raise the suspicion that the long-term response of chimeras might be sustained by B1 cells because these, unlike B2 cells, are known to have the capacity for self-renewal in the periphery (23) . A recent article has highlighted the ability of B1b cell clones to provide potent long-lasting TI-protective Ab responses against a relapsing fever bacterium, Borrelia hermsii (24) . Furthermore, this study showed the expansion of antigen-specific clones of B1 cells. At first, it seemed that our choice of peripheral lymph-node cells as a source of donor cells for chimera construction did not favor this conclusion; for, as expected, the B cells in peripheral lymph-node suspensions were overwhelmingly IgD high IgM variable recirculating B cells (Fig. 1B) ; such IgD high cells are known not to respond to NP-Ficoll in vivo (6, 17) , although they can give rise to marginal zone cells (8, (25) (26) (27) that can respond to this antigen (6, 8, 28 Serological analysis of the response of the different chimeras to NP-Ficoll is shown in Fig. 2B . The chimeras constructed with IgD Ϫ IgM ϩ PEC produced IgM and IgG3 Ab after immunization with NP-Ficoll (Fig. 2B) . A similar serum Ab response was detected in the other groups of chimeras, except those constructed by transfer of 10 5 IgD ϩ PEC, which failed to mount an NP-specific Ab response to NP-Ficoll. In addition to the specific Ab response to NP-Ficoll, it can be seen that 14 days after cell transfer and before primary immunization natural IgM, but not IgG3, anti-NP Ab is present in the serum of all chimeras except those constructed with IgD ϩ cells. The spleens of the chimeras reconstituted with IgD Ϫ IgM ϩ PEC had NP-specific plasmacytoid cells in extrafollicular foci ( Fig. 3A) . Between 39% and 64% of these cells had switched to IgG3 (see Table 1 , which is published as supporting information on the PNAS web site) and consistently Ϸ10% of these were Ki-67 ϩ . In addition, NP-specific B cells were found in splenic B cell follicles of these chimeras (Fig. 3A) . These cells are probably correspond to B220 ϩ NP-binding B cells identified by flow cytometric analysis of these spleens (Fig. 3A) , which are a mixture of IgM ϩ and, presumably switched, IgM Ϫ cells. No cells expressed IgD, nor the germinal center B cell marker GL7, whereas some cells expressed intermediate levels of syndecan consistent with them being plasmablasts.
Analysis of the B cell compartments in these chimeras constructed with 10 5 PEC depleted of IgD ϩ B cells shows that they have small numbers of IgD Ϫ IgM ϩ B cells in the follicles (Fig. 3B  and see Table 1 ). IgD ϩ cells were not found in their follicles, and this accords with flow cytometry of these spleens, which revealed the presence of IgM ϩ -but not IgD-expressing B cells (Fig. 3B and see Table 1 ). Despite the presence of IgD Ϫ IgM ϩ B cells in follicles, no B cells were found in the marginal zone. This finding contrasts markedly with chimeras constructed by transfer of 10 7 peripheral lymph-node cells. These chimeras have follicles with many IgD ϩ B cells and well developed IgD low/Ϫ , IgM ϩ marginal zone B cell populations (Fig. 3C) . The absence of IgD ϩ B cells or B cells in the marginal zone of the chimeras constructed with IgD Ϫ IgM ϩ PEC indicates that hemopoietic chimerism leading to primary B lymphopoiesis had not been established.
Analysis of the spleens from the other groups of chimeras shows that all of the chimeras that produced an Ab response to NP-Ficoll had NP-specific plasmacytoid cells in their spleen (Fig.  3A and see Table 1 ). Many of these cells had switched to produce IgG3. These chimeras also had NP-specific B cells in their splenic follicles. On the basis of flow cytometry, these cells were mainly IgM ϩ IgD Ϫ . Although NP-binding cells from chimeras constructed with IgD-depleted PEC or CD5-depleted PEC did not express surface IgD, a significant minority of the NP-binding B cells from chimeras constructed by transfer of 10 7 lymph-node cells or 10 6 PEC expressed IgD (Table 1) . Taken together, these transfer experiments indicate that B1b cells can give rise to persistent extrafollicular responses to NP-Ficoll. At this stage, the participation of B1a cells, i.e., those B1 cells that express CD5 are not excluded. Recirculating IgD high B cells seem unlikely to contribute to these long-term responses, although as mentioned above, large numbers of recirculating cells will reconstitute a marginal zone population, which gives a response to NP-Ficoll (17); however, this response is likely to be short-term.
Discussion
Ab responses to NP-Ficoll are associated with plasmablasts that persist for months in extrafollicular foci (20) . This finding differs strikingly from conventional TD extrafollicular Ab responses in which plasmablasts are only present for a few days (19) . The chimeras constructed with small numbers of IgD Ϫ PEC lacked B2 cells, indicating that primary B lymphopoietic capacity had not been established. Consequently, the persistence of NPspecific plasmablasts after immunization could not have been attributable to continued recruitment of naïve B cells. At this stage, it is not possible to exclude whether plasmablast persistence is attributable to long-term self-renewal. An alternative possibility is that the NP-specific B cells that accumulate in follicles in these responses are involved in maintaining the pool of plasmablasts. These two possibilities are not mutually exclusive. The location of these NP-specific B cells distinguishes them from conventional memory B cells generated in response to NP-protein conjugates that typically localize to the marginal zone (29) and to the blood and bone marrow (30) . Follicular localization opens the possibility that these TI-2 antigen-induced B cells might be recruited back into the response by NP-Ficoll held as immune complex on follicular dendritic cells (20) .
Recently, Haas et al. (31) have proposed distinct roles for B1a and B1b cells on the basis of different selection requirements for these two populations during ontogeny. They found that mice overexpressing CD19 produced B1a cells with few B1b cells and noted that these mice had high levels of natural Ab. By contrast, CD19-deficient mice were found to lack B1a cells and natural Ab but had B1b cells and mounted Ab responses against the TI-2 antigen type-3 pneumococcal capsular polysaccharide. In our studies, the excellent response to NP-Ficoll by chimeras reconstituted with 10 5 CD5 Ϫ peritoneal exudate B cells is consistent with this conclusion. Nevertheless, these chimeras did produce as much background (natural) anti-NP IgM as chimeras reconstituted with whole-PEC preparations. It may be that very small numbers of contaminating CD5 ϩ B cells were able to expand to produce normal levels of Ab in these chimeras. An alternative possible explanation is that WT B1b cells did produce natural Ab but that this function was impaired if the B1b cells lacked CD19.
The B1 cell clones involved in long-term Ab responses might give rise to pathology. For example, the protracted antigendriven TI Ab responses may provide the cellular basis for auto-Ab production in diseases such as Guillain-Barré syndrome. Nonmutated IgM and IgG Abs (IgM and IgG3 in mice) against a glycolipid motif found on Campylobacter jejuni, which crossreacts with neural gangliosides, mediate this relatively common self-limiting paralytic disease (32) . These Abs persist for longer than would be expected from a short-lived TIextrafollicular Ab response. Another situation in which these responses by B1b cells might give rise to disease lies in the continued production of plasmablasts by clones responding NP-Ficoll or similar persistent antigens. This sort of response presents a potential danger for the development of B cell neoplasms, which are associated with serial acquisition of genetic changes. This theory is well exemplified in the plasmacytomas of BALB͞c mice, which only develop after protracted exposure to mineral oil given into the peritoneal cavity (33) . The role of antigen in the development of these plasmacytomas can be inferred from the relative protection of mice rendered pathogenfree from plasmcytoma development (34) . These neoplasms often show signs of receptor editing but only approximately half show Ig V-region gene mutations (35) . At least those neoplasms without these mutations might have been generated during Ab responses not involving a germinal center reaction. The peritoneal location of these plasmacytomas has led to the suggestion that these neoplasms may arise from B1 cells. The continued production of plasmablasts by B1b cell clones described in the present article appears to provide a situation in which plasmablasts could acquire the sequential genetic changes associated with plasmacytoma development.
Materials and Methods Animals and Immunizations. RAG1
Ϫ/Ϫ mice 6 to 8 weeks of age on a C57BL͞6 background were obtained from the Biomedical Services Unit (University of Birmingham) and were kept under specific pathogen-free conditions at all times. Rag1 Ϫ/Ϫ mice were reconstituted, as indicated in the text, with congenic WT cells from C57BL͞6 mice (Harlan Olac, Bicester, U.K.) by i.v. injection; 2 weeks later the chimeras received their first dose of NP-Ficoll (Biosearch Technologies, Novato, CA; 30 g in sterile PBS) i.p. They were challenged again with NP-Ficoll at times specified in the text. All experiments involving animals were carried out under license from the British Home Office, which was granted after local animal ethics committee approval.
Cell Purification and Adoptive Transfer. Total PECs were obtained from washes of the peritoneal cavity with cold RPMI medium 1640. Cells were stained with IgD and IgM fluorochromeconjugated Ab and positively selected for IgD high IgM variable and IgD low/Ϫ IgM high with a MoFlow f low cytometric sorter (DAKO). CD5 Ϫ cells were negatively selected from total PEC suspension by magnetic bead separation (Miltenyi Biotec, Bisley, U.K.).
Flow Cytometry Reagents. After isolation, single-cell suspensions from donor mice or chimeras were stained with the following Ab conjugates: B220-biotin, CD11b-FITC, CD138-phycoerythrin, CD5-biotin, IgD-phycoerythrin, IgM-FITC (all substances were obtained from BD Biosciences, San Diego, CA). The monoclonal Ab GL-7, which binds to a molecule expressed by germinal center B cells (36) , was a kind gift of G. Kelsoe (Duke University, Durham, NC) and was used as a biotin conjugate. Biotin was detected by using streptavidin-CyChrome (BD Biosciences). NP-binding cells were identified by using a locally prepared NP-phycoerythrin conjugate. The cells were analyzed by using a FACScalibur flow cytometer (BD Biosciences).
ELISA. For testing NP-specific Abs, NP 15 -BSA-coated 96-well plates were used. The serum Abs from chimeras were detected by alkaline phosphatase-conjugated goat anti-mouse IgM or IgG3 (Southern Biotech, Birmingham, AL), and the enzyme bound to plates was developed with p-nitrophenylphosphate substrate (Sigma-Aldrich). For standardization, a positive control was run along with test samples in all plates. The titers for serum samples were calculated as the log serum concentration required to achieve 30% maximum OD.
Immunohistochemistry Staining. This process was carried out as described in refs. 20 and 37. Briefly, 5-m, acetone-fixed frozen sections were stained for IgD, mucosal addressin cell-adhesion molecule (38) , NP-binding, and expression of the proliferationassociated nuclear antigen Ki-67 (39) . NP-binding cells were detected by using NP-conjugated sheep IgG and biotinylated donkey anti-sheep secondary Ab. The detection of NP-specific cells was revealed in a streptavidin-alkaline phosphatase system. Mucosal addressin cell-adhesion molecule was also stained by using streptavidin-alkaline phosphatase. IgD and Ki-67 were detected by using immunoperoxidase. The stained sections were viewed under ϫ20 objective, and the number of positively stained cells per mm 2 of section was determined by using a 10-mm graticule.
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